The 454 Genome Sequencer (GS) FLX System is one of the next-generation sequencing systems featured by long reads, high accuracy, and ultra-high throughput. Based on the mechanism of emulsion PCR, a unique DNA template would only generate a unique sequence read after being amplified and sequenced on GS FLX. However, biased amplification of DNA templates might occur in the process of emulsion PCR, which results in production of artificial duplicate reads. Under the condition that each DNA template is unique to another, 3.49%218.14% of total reads in GS FLX-sequencing data were found to be artificial duplicate reads. These duplicate reads may lead to misunderstanding of sequencing data and special attention should be paid to the potential biases they introduced to the data.
Introduction
Evolutionary improvements in sequencing technology have led to the development of next-generation sequencing systems, among which the 454 Genome Sequencer (GS) System was characterized by the longest read length of 100, 250 and 400 bp in GS 20, GS FLX Standard and GS FLX Titanium Systems respectively, with single-read accuracy .99.5% [1, 2] . The longer read length and higher accuracy makes the 454 GS System a powerful tool for genome annotation, transcriptome sequencing, small RNA exploring, somatic variation detection and epigenomic analysis [3] [4] [5] [6] [7] . The GS 20 System has been successfully applied in ultra-high-throughput sequencing of DeepSAGE and SuperSAGE tags, providing cost-effective gene expression profiling with high sensitivity [8, 9] . Being an updated version of GS 20, the average read length of GS FLX Standard System has been increased to 250 bp, and its sequencing capability can not be fully utilized if only one SAGE ditag (two tags) of 100 bp length is sequenced in a sequence read. To better use the longer read length of GS FLX Standard System, ditags of a digital karyotyping (DK) library were concatenated for sequencing in this study.
Similar to the SAGE tags obtained from targeted region of mRNA, DK tags were cut from specific locations of genomic DNA. A detailed protocol for isolating and concatenating DK tags has been described by Wang et al. [10] . Before being sequenced on GS FLX, the concatemers of DK ditags must undergo an amplification process called 'emulsion PCR', referring to a PCR reaction taken place in a water-in-oil emulsion. In the emulsion PCR, all reagents necessary for PCR were contained in the droplets of a PCR-reaction-mixture-in-oil emulsion, together with the DNA templates bounded to the capture beads in a one-template-one-bead manner, so that each DNA template could be clonally amplified without any competing or contaminating sequences [11] . A unique DNA template should generate a unique sequence read theoretically after being amplified through emulsion PCR and sequenced on GS FLX. However, we found that multiple copies of duplicate sequence reads were derived from unique DNA templates in the sequencing data of DK library. Duplicate reads also existed in other GS FLX-sequencing data obtained from public database. We suggested special attention should be paid to potential biases introduced by artificial duplicate reads, especially in the cases of analyzing quantification and transcriptome profiling sequence data.
Materials and Methods

Preparation of ditag concatemers
The 125 bp DK ditags were obtained from human genomic DNA as described by Wang et al. [10] . Instead of sequencing ditags directly by 454 GS System as performed in the cases of DeepSAGE and SuperSAGE, these 125 bp DK ditags were concatenated following Wang's protocol [10] . Briefly, the 125 bp DK ditags were digested with NlaIII (New England Biolab, Ipswich, USA) to remove adaptors at both ends. The remaining fragments of 42 bp were recovered by gel purification and then ligated to form ditag concatemers with adhesive ends. After ligation, T4 DNA ligase was inactivated by heating ligation mixture at 658C for 10 min. Phenol/chloroform extraction and ethanol precipitation were performed to obtain purified concatemers.
Ligating adhesive-ended adaptor A
1
/B
1 to concatenated ditags Two pairs of oligonucleotides were purified by high-performance liquid chromatography (TaKaRa, Dalian, China) and annealed to form adaptor A þ and B þ . The sequences of adaptors were as followings: adaptor A þ forward strand:
The underlined base pairs were bar code sequences, which could distinguish one library from another if multiple libraries were sequenced in the GS FLX Standard Systems simultaneously.
These two pairs of oligonucleotides were annealed by heating at 958C for 2 min, 658C for 10 min, 378C for 10 min and placing at room temperature for 20 min. The adaptor oligos were then divided into aliquots, and stored at 2208C until use. Ligation mixture was prepared by mixing purified concatemers of ditags, adaptor A þ and B þ , buffer and T4 DNA Ligase (Invitrogen, Carlsbad, USA). The nicks between concatemer and adaptor A þ /B þ were repaired by Bst DNA polymerase (New England Biolab).
Gel purification of adapted concatemers and sequencing Adapted concatemers were loaded on 8% PAGE gel and fragments of 3002800 bp were excised and purified. The following procedure of isolating single-strand DNA fragments, library quantification and quality assessment and sequencing with GS FLX Standard System, which includes binding DNA templates to capture beads, emulsion-based clonal amplification and sequencing on the 454 instrument were performed according to the original protocol [11] . 
Tag extraction and duplicate reads identification
Results and Discussion
In this study, we constructed a library composed of 125 bp DK ditags, which could be sequenced directly through GS 20 System following the method for sequencing DeepSAGE and SuperSAGE ditags [8, 9] . However, to meet the needs of longer length in GS FLX Standard System, DK ditags were concatenated and then ligated to adhesive-ended adaptors for sequencing. The DK library was sequenced twice in two individual runs, and 5,355 and 102,184 reads with length longer than 84 bp (i.e. the minimum length of two ditags) were obtained from the first (titration procedure) and second run respectively ( Table 1) . In order to identify duplicate reads more precisely, sequence reads containing less than two ditags were removed for further analysis.
There are totally 1,033,893 virtual DK tags available from Human Genome Assembly 2006, with the highest copy of a tag coming from repeat sequences being 4,294, and the lowest copy of a tag from unique loci being 1. The maximum probability of a tag with the highest copy number randomly obtained from genomic DNA is 4.153E-03 (4,294 divided by 1,033,893), while the minimum probability of a unique tag obtained from genomic DNA is 9.672E-07 (1 divided by 1,033,893) . Therefore, the likelihood of a ditag composed of two tags both occurring at maximum probability is 1.725E-05 (square of 4.153E-03), and the likelihood of a ditag composed of two unique tags is as low as 9.355E-13 (square of 9.672E-07). The opportunity of two or more ditags ligated together to form a concatemer should be less than 2.976E-10 (square of 1.725E-05). Accordingly, under the sequencing run of DK library respectively. Under such a sequencing capability that is far less than 3.360Eþ09 tags, each DNA template containing two or more ditags should be unique. After being clonally amplified by emulsion PCR and sequenced by GS FLX, these DNA templates were expected to generate sequence reads unique to each other. However, multiple copies of duplicate sequence reads were found in sequencing data of the DK library although each DNA template is unique to another. Defined as sequences that start at exactly the same nucleotide and share exactly the same 84 bp or more at their 5 0 ends, duplicate reads were observed in the sequencing data of DK library, accounting for 3.49% and 18.14% of total reads in the 1st and 2nd runs respectively ( Table 1) . The error rate for pyrosequencing was reported to be 0.4%20.5%, with approximately 20% of total sequence reads have ,2% errors, while most reads have no error [12] . If taken the sequencing error rate of 2% into account, Figure 1 Hypothesis of duplicate reads generation during emulsion PCR. Short sequence tags (A, B, C, etc.) obtained from specific locations in the genomic DNA was ligated randomly to form ditags. Ditags were then concatenated in a stochastic manner and ligated to adhesive-ended adaptors, forming DNA templates unique to each other for emulsion PCR. Left: clonal amplification of single DNA on beads occurred during emulsion PCR, which would result in unique reads. Middle: a single DNA molecule and multiple beads might be contained in one emulsion PCR droplet. After several cycles of PCR, amplified DNA molecules may bind to other beads in the same droplet and being amplified together during following cycles, which would generate artificial duplicate reads. Right: some droplets may be broken during PCR thermal cycles and release multiple copies of DNA templates, which could be amplified on many other empty beads and generate artificial duplicate reads. duplicate reads accounted for 3.85% and 20.64% of total reads in the 1st and 2nd runs respectively.
Notably, there was no overlapping sequence reads between these two runs, indicating that these duplicate reads were not likely to be introduced by DNA library preparation, but the outcome of biased amplification. If the duplicate reads were coming from DNA library preparation, overlapping of some duplicate reads should be observed between the 1st and the 2nd runs of the same library, at least in the case of those occurred at highest abundance in each run. These artificial duplicate reads may come from the emulsion PCR amplification performed after DNA library preparation. A possible reason might be that a single DNA molecule and multiple beads were contained in one emulsion PCR droplet or a certain number of emulsions were broken during the emulsion PCR thermal cycles (Fig. 1) . Broken emulsions may release multiple copies of the DNA templates from the droplets, which could be amplified on many other empty beads and generate the duplicate sequences.
Duplicate reads were also observed in other GS FLX-sequencing data obtained from public database, accounting for 5.35%29.83% of total sequence reads ( Table 2 ). The maximum copy number of duplicate reads in these sequencing data varied from 13 to 230, which may cause notable biases when analyzing the data. Taken the DK data as an example, the copy number of DK tags was significantly magnified from 1 to 57 by the presence of artificial duplicate reads ( Table 3 ). The duplicate reads may lead to misunderstanding of sequencing data and should be removed from data analysis. In the sequencing data of DK library, as each DNA template for sequencing was unique to another, artificial duplicate reads could be easily removed by deleting extra copies of sequence reads coming from a unique template. However, in the cases of sequencing cDNAs, shot-gun DNA fragments or PCR products, as the DNA templates for emulsion PCR were redundant in nature, it was hard to distinguish whether the duplicate reads were coming from redundant templates themselves (natural duplicates) or from biased amplification of emulsion PCR (artificial duplicates) [13, 14] . A computer program named cdhit-454 was developed recently to identify duplicate reads in metagenomic data sets, which may help to estimate the proportion of natural and artificial duplicates in sequencing data [12] . We implemented the cdhit-454 program to identify duplicate reads in our sequencing data and got similar results as the PERL scripts did (data not shown).
Our results demonstrated that the emulsion PCR procedure may lead to biased amplification of DNA templates and produce artificial duplicate reads in GS FLXsequencing data. It is likely that most of the GS FLXsequencing data available up to now, especially the quantification and transcriptome profiling data, were biased by the presence of artificial duplicate reads.
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